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Helicases are ubiquitous molecular motors which unwind double stranded DNA into 
two single strands. T7gp4 is a model hexameric helicase from the replication system 
of bacteriophage T7. The step size of T7gp4 was probed using single molecule optical 
trapping experiments. To obtain sufficient resolution over experimental timescales a 
dual optical trap was constructed, decoupling the experiment from the surface. 
Numerical simulations of helicase in the experimental configuration were conducted 
to examine the required measurement bandwidth. A novel method of forming double 
tethers between the dual traps was implemented. A range of steps of the helicase were 
observed. In combination with structural data and biochemical measurements, this 
agrees with a sequential mechanism for T7gp4 translocation.
 iii 
 
BIOGRAPHICAL SKETCH 
 
Benjamin Yuri Smith was born in London, England in 1981. He attended Fairlawn, 
Forest Hill Boys, and Hillsyde sixth form. He then studied at Bristol University where 
he earned a Masters of Science in Physics in 2003. After being accepted to the 
graduate program at Cornell University, he moved to the United States and began 
working with Professor Carl Franck in the Physics department in 2004. In 2006 he 
spent a summer working with Professor Carl Batt, before joining the lab of Michelle 
Wang. He graduated with a Masters of Science degree in 2009, and a Ph.D. in 2010. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
 
 
 
 
 
 
 
 
 
 
 
To my grandparents Anna and Rose, and my great-aunt Laura 
 
 
 v 
ACKNOWLEDGMENTS 
 
First I would like to thank my Ph.D. supervisor Professor Michelle Wang for all of her 
scientific advice, and the rigorous training which is a hallmark of her lab. Not only has 
my time in her lab trained me to be a good scientist, it has also taught me how to 
communicate ideas and results clearly and effectively. 
 
I would also like to thank our collaborator and friend Professor Smita Patel at the 
Robert Wood Johnson Medical School, as well as members of her lab. She provided 
us with the proteins without which none of this work would be possible, and as one of 
the world’s experts on T7 helicase she helped us immensely in interpreting and 
understanding our results. 
 
I would also like to thank all the members of the Wang lab, who every day have 
provided scientific insight, advice, support and encouragement. In particular I would 
like to thank Daniel Johnson who developed many of the protocols used in this work, 
and trained me to perform helicase experiments. I would also like to thank Chris 
Deufel for guiding me through the instrumentation learning process, and Lucy Bai for 
introducing me to single-molecule simulations and theory. Additionally I would like to 
thank Michael Hall, Scott Forth and James Inman for discussions about 
instrumentation, and Jing Jin, Bert Fulbright and Maxim Sheinin for help with 
molecular biology. I would also like to thank Bo Sun for help and discussions 
regarding the helicase assay. 
 
I would like to thank my special committee members, James Sethna and Chris Xu, and 
also Lois Pollack who stood in for Chris during my thesis defense.  
 vi 
Finally, I would like to thank my family for being supportive and loving and 
encouraging my pursuits and interest in science – and everything else – throughout my 
life. My parents, Emmy, David, Digby and Subrena; my grandparents Anna, Rose and 
Laura; My sister and friend Sasha; and the two women who make every day a 
pleasure: my wife Gwen, and my cat Beatrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vii 
TABLE OF CONTENTS 
Biographical Sketch………...........................................................................................iii 
Dedication…..................................................................................................................iv 
Acknowledgements…….................................................................................................v 
Table of Contents………..............................................................................................vii 
List of Figures…….........................................................................................................x 
List of Tables……........................................................................................................xii 
 
Chapter 1: Introduction ................................................................................................... 1 
Helicases ..................................................................................................................... 2 
Classifying Helicases .................................................................................................. 4 
T7 DNA Helicase ....................................................................................................... 7 
Models for hexameric helicase translocation ........................................................... 11 
Experimental approaches to understanding helicase function .................................. 14 
T7gp4 Helicase Step Size ......................................................................................... 15 
Summary ................................................................................................................... 16 
Chapter 2: Construction of a Dual Optical Trap .......................................................... 17 
Introduction .............................................................................................................. 18 
Optical Trapping ....................................................................................................... 18 
Standard Optical Trapping Configuration ................................................................ 18 
Back Aperture Detection .......................................................................................... 21 
Experimental configuration in single trap ................................................................ 24 
Drift in single optical trap configurations ................................................................ 25 
Dual Trap .................................................................................................................. 29 
Water immersion objective lens ............................................................................... 32 
Differential Measurements ....................................................................................... 34 
 viii 
Our Instrument .......................................................................................................... 34 
Examples of dual trap resolution .............................................................................. 35 
Summary ................................................................................................................... 36 
Chapter 3: Simulations of the Helicase Unwinding Signal .......................................... 38 
Introduction .............................................................................................................. 39 
Force Extension Relations in DNA .......................................................................... 39 
Constant Extension ................................................................................................... 42 
Constant Force Experiments ..................................................................................... 48 
The Effect of Helicase .............................................................................................. 50 
Magnitude of stepping signal ................................................................................... 54 
Magnitude of noise ................................................................................................... 55 
Signal to Noise Ratio ................................................................................................ 58 
What is an acceptable signal to noise ratio? ............................................................. 60 
Summary ................................................................................................................... 67 
Chapter 4: Measuring the Step-Size of T7 DNA Helicase ........................................... 68 
Introduction .............................................................................................................. 69 
Forming tethers in single trap configuration ............................................................ 69 
Forming tethers in a dual trap ................................................................................... 70 
Surface-Linked, Unzippable Double Tethers ........................................................... 72 
Helicase Step-Size Assay ......................................................................................... 74 
Experimental Results ................................................................................................ 78 
Interpretation of results ............................................................................................. 80 
Summary ................................................................................................................... 83 
Chapter 5: Future Work ................................................................................................ 84 
Introduction .............................................................................................................. 85 
 ix 
Verification of sequence dependent structure not playing a role ............................. 85 
PolyAT ..................................................................................................................... 86 
Loading mechanism .................................................................................................. 87 
Eukaryotic helicases ................................................................................................. 89 
Summary ................................................................................................................... 90 
Bibliography ................................................................................................................. 91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 x 
LIST OF FIGURES 
 
Figure 1) Model of T7 Helicase/Primase unwinding dsDNA ........................................ 8 
Figure 2) Crystal structure of T7gp4 helicase .............................................................. 10 
Figure 3) Models for ring-shaped helicase translocation mechanism. ......................... 13 
Figure 4) Schematic layout of single beam optical trap ............................................... 19 
Figure 5) Typical configuration for helicase unwinding experiments. ........................ 24 
Figure 6) Drift on two optical trapping instruments. .................................................... 27 
Figure 7) Drift correction in Z of a microscope stage. ................................................. 28 
Figure 8) Schematic layout of dual optical trap ........................................................... 30 
Figure 9) Dual-beam optical trap configuration.. ......................................................... 31 
Figure 10) Comparison of oil immersion and immersion optical trapping. ................. 33 
Figure 11) Comparison of trapping stability for single and dual trap. ......................... 35 
Figure 12) Stretching a dsDNA in steps ....................................................................... 36 
Figure 13) Force-extension curves for ssDNA and dsDNA ......................................... 40 
Figure 14) Calculation of basepairs for non-homogeneous DNA sequence ................ 44 
Figure 15) Energy and probability curves showing more complicated structure. ........ 45 
Figure 16) Force vs. basepairs for pBR322 .................................................................. 46 
Figure 17) Equilibrium unwound basepairs versus extension for Poly(GC)100 ......... 47 
Figure 18) Probability density of basepairs unzipped versus extension. ...................... 48 
Figure 19) Energy and probability density curves for a constant force experiment. ... 49 
Figure 20) Constant force energy and probability density curves at 18pN .................. 50 
Figure 21) Constant extension with helicase added ..................................................... 51 
Figure 22) Helicase in constant force assay. ................................................................ 52 
Figure 23) Constant force at 10pN without and with helicase present ......................... 53 
Figure 24) Magnitude of the difference signal ............................................................. 55 
 xi 
Figure 25) Magnitude of normalized noise signal ........................................................ 57 
Figure 26) Normalized SNR for five typical forces ..................................................... 58 
Figure 27) SNR for five different dsDNA linker lengths. ............................................ 59 
Figure 28) SNR for 4 bead sizes at F=10pN. ............................................................... 59 
Figure 29) SNR for 6 helicase step sizes at F=10pN. ................................................... 60 
Figure 30) Illustration of construction of simulated unzipping traces. ........................ 63 
Figure 31) Example fits for Kerssemaker step fitting algorithm. ................................. 64 
Figure 32) Pairwise distributionand Kerssemakers fits ................................................ 65 
Figure 33) Example pairwise distributions for simulated traces .................................. 66 
Figure 34) Double-tether unzipping construct. ............................................................ 70 
Figure 35) Assembly and removal of SLUDTS ........................................................... 73 
Figure 36) Outline of construction of PolyGC(100) .................................................... 75 
Figure 37) Example of a helicase unwinding experiment. ........................................... 77 
Figure 38) Example of helicase unwinding trace ......................................................... 78 
Figure 39) Example of steps ......................................................................................... 79 
Figure 40) Pairwise fit to the data shown in Figure 39. ............................................... 80 
Figure 41) Example trace showing multiple step sizes. ............................................... 81 
Figure 42) Two sequential models for T7gp4 translocation ........................................ 82 
Figure 43) Structure of G quadruplex .......................................................................... 85 
 xii 
LIST OF TABLES 
 
Table 1) Examples of proteins containing a RecA Fold……………………………….4 
 1 
Chapter 1: 
Introduction 
  
 2 
Helicases 
Helicases are ubiquitous molecular motors which unwind double stranded DNA 
(dsDNA) into two strands of single stranded DNA (ssDNA) (S.S. Patel & K.M. Picha 
2000). They extract energy from hydrolysis of nucleotide triphosphates (NTPs) which 
fuel the translocation and unwinding activity (Lohman & Bjornson 1996). Helicases 
are vital for all forms of life. They perform fundamental roles in repair, replication, 
translation, transcription and recombination (Alberts 2007). Understanding the 
mechanisms that helicases use in order to accomplish their biological function 
provides us with a more complete knowledge of one of the most basic and important 
classes of proteins. 
 
Helicases separate the two strands of dsDNA by breaking the hydrogen bonds which 
link the complementary bases (Alberts 2007). The separation of dsDNA is important 
for a variety of processes in the cell, and a diverse selection of helicases has been 
identified, each evolved to fill their specific biological niche.  
 
For example, the helicase DnaB is responsible for opening the replication fork in E. 
coli (A. Johnson & O'Donnell 2005). This is necessary because the molecular 
machinery responsible for duplicating the genome, E. coli Pol III, cannot read the 
genetic code while it is in the form of dsDNA. The helicase is responsible for 
converting the more stable, less accessible dsDNA into ssDNA which can be read by 
the rest of the replication machinery. In this case the protein function of the helicase 
and polymerase proteins is so inextricably linked that they form an interconnected 
complex during cell replication. This combination of proteins is called the replisome 
and occurs in organisms ranging from viruses to humans, but with a variety of 
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different helicases, polymerases and primases taking on the specific roles (Pomerantz 
& Odonnell 2007). 
 
Another example of helicase function is during DNA nucleotide-excision repair 
(Alberts 2007). This is the biological process which repairs DNA bases that have 
become damaged, for example by ultraviolet radiation (Howard-Flanders 1968). 
Various proteins are recruited to the damaged site, at least one of which will be a 
helicase, in order to separate the damaged bases from the undamaged strand. 
Subsequently, a polymerase will fill in the removed bases and a ligase will join the 
repaired section to the existing DNA (Alberts 2007). For example, the helicase UvrD 
is an integral part of the repair process in E. coli (Grossman et al. 1988). 
 
Other examples of helicase function include chromatin remodeling in eukaroyotes by 
the Tip48 helicase (Puri et al. 2007); mitochondrial DNA maintenance by Twinkle 
(Tyynismaa et al. 2004) and RNA processing by the DEAD-box helicase elF4A 
(Rogers et al. 2002). 
 
Not only are helicases an important family of proteins in their own right, but they also 
share certain broadly similar structural motifs with a larger group of proteins. One 
example is the RecA motif present in many helicases (Ye et al. 2004). The RecA fold 
is named after the repair protein from E. coli it was first identified in (Story et al. 
1992). The RecA fold forms a site in which NTPs are hydrolyzed and converted into a 
conformational change of the protein. It is therefore a biological version of a 
combustion cylinder, converting a chemical energy source into mechanical motion. 
The RecA motif is also present in a diverse selection of other proteins (Ye et al. 2004). 
These proteins range from helicases, to the more general class of proteins which move 
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directionally along DNA called translocases, to the even more general class known as 
ATPases (Singleton et al. 2007). All proteins in which the RecA fold occurs are 
multimeric, because an important feature of the motif is that there must be at least two 
RecA folds present in order for hydrolysis to occur (Singleton & Wigley 2003). Some 
examples of proteins containing the RecA fold are shown in Table 1. By studying just 
one particular example of these proteins we can potentially understand a much wider 
class of enzymes, particularly with regards to hydrolysis and co-operativity. 
 
Table 1) Examples of proteins containing a RecA fold 
Protein Number of RecA domains Function 
PcrA 2 DNA repair helicase 
Clamp loader 5 
Loading protein for DNA 
polymerase 
T7 Helicase 6 Replicative helicase 
F1 ATPase 6 ATP synthesis 
NSF 10 Membrane fusion 
 
Classifying Helicases 
Helicases can be broadly categorized into two distinct groups: ring-shaped and non-
ring-shaped, depending on how many of the individual subunits are required to form a 
fully functional protein (Lohman & Bjornson 1996). Non-ring-shaped helicases 
require only one or two subunits to function, and are also known as 
monomeric/dimeric helicases, whereas ring-shaped helicases are formed from a donut 
shaped ring of subunits. Typically these rings are hexameric, although heptameric 
oligomers also are observed (Crampton et al. 2006). The subunits in a helicase may be 
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identical such as in T7gp4 (S S Patel & M M Hingorani 1993), or non-identical as in 
MCM helicases (Costa & Onesti 2008). 
 
These groupings can be further subdivided into superfamilies based on the underlying 
amino acid sequence. Because the superfamilies are divided based on sequence there 
are some functional similarities between helicases in different superfamilies, and 
functional differences between helicases within a superfamily. Superfamilies I and II 
contain the non-ring-shaped helicases, and superfamilies III-VI the ring-shaped 
helicases (Gorbalenya & Koonin 1993). 
 
Another method of organizing helicases into groups is by characterizing their 
functionality. One proposed set of groupings is based on five important parameters 
which can be used to describe the helicase mechanism (Singleton et al. 2007).  
 
First, each helicase has a certain polarity. It will translocate in a certain direction when 
bound to a single strand of DNA. This may either be 5’ → 3’, such as the superfamily 
1B helicases, or 3’ → 5’ such as the superfamily 1A helicases (Saikrishnan et al. 
2009). 
 
Second, each helicase translocates and unwinds at a different rate. For example, under 
physiological conditions T7 helicase translocates at around 300nt/s on an ssDNA 
substrate at 23 Celsius (D. S. Johnson et al. 2007). This rate is sensitive to a variety of 
factors such as DNA sequence, nucleotide concentration and buffer conditions. The 
presence of other proteins can also affect the rate. For example, T7gp4 was found to 
unwind dsDNA ten times faster in the presence of T7 polymerase (Stano et al. 2005). 
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Third, each helicase exhibits a certain processivity. It will tend to fall off a substrate 
after a certain amount of activity. The processivity will be affected by other proteins 
and the experimental conditions, and can range from a few, to tens of thousands of 
basepairs (Lohman & Bjornson 1996).  
 
Fourth, each helicase exhibits a certain degree of activeness. This corresponds to how 
much the double stranded DNA is encouraged to separate into ssDNA strands (M D 
Betterton & Jülicher 2005). It could be that the helicase is entirely passive and 
functions as a Brownian ratchet. In this case it will not move unless thermal 
fluctuations open the DNA fork by the requisite number of basepairs for a step to be 
taken. On the other hand, a completely active helicase applies a force to the junction 
large enough to break the hydrogen bonds of the DNA. In general the activeness of a 
helicase will fall somewhere in between these extremes. The activeness can be 
precisely described by specifying the shape and magnitude of the applied potential. 
 
Fifth, each helicase has a certain step size. Helicases do not move in a continuous 
fashion, but in discrete steps, relating to the conformational change in the protein 
which generates the forward motion and the mechanism of binding to the DNA 
substrate. This physical step may be different from the biochemical, or rate-limiting 
step (Smita S. Patel & Donmez 2006). 
 
This classification system is powerful because it reveals a lot of information about the 
particular protein. If these parameters can be determined for a specific helicase, 
particularly in combination with knowledge of the structure, we have a good 
understanding of that enzyme. 
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T7 DNA Helicase 
T7 DNA helicase is a model hexameric helicase in superfamily IV (Gorbalenya & 
Koonin 1993). It is expressed during the replication cycle of the T7 bacteriophage. It 
has been extensively studied for over thirty years and is particularly attractive because 
of the relatively simple replication system of the bacteriophage T7 (Scherzinger & 
Seiffert 1975).  It is one of only four proteins required for T7 phage to successfully 
replicate its genome. The others are T7 polymerase, single-stranded binding protein, 
and thioredoxin (Lee et al. 1998). The helicase is required to separate the double-
stranded genomic DNA into two single strands which can be accessed by the 
polymerase.  
 
It is thought to accomplish strand separation by binding to an exposed region of 
ssDNA so that the strand passes through the central channel formed by the ring 
(Ahnert & S S Patel 1997). This central channel is too small to fit two strands of 
DNA, so as the helicase translocates along the single strand the second strand is 
displaced and the unwinding junction is advanced (Toth et al. 2003).  T7gp4 has a 5’-
> 3’ polarity (E H Egelman et al. 1995). This is shown schematically in Figure 1. 
 
The gene encoding T7 DNA helicase is known as gene product 4 (gp4), and it encodes 
two versions of the enzyme with different start codons. The longer protein (63kD) is a 
bifunctional helicase/primase and is known as gp4A, whereas the slightly shorter 
(56kD) protein functions only as a helicase and is called gp4B (Bernstein & C C 
Richardson 1988). 
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Figure 1) Model of T7 Helicase/Primase unwinding dsDNA into two strands of 
ssDNA. 
 
The bifunctional gp4A protein contains both helicase and primase domains, flexibly 
combined via a covalent linker, forming two stacked rings (Mendelman & C C 
Richardson 1991). When translocating along ssDNA the helicase domain precedes the 
primase domain, which primes the lagging strand ssDNA as the helicase separates it 
from the complimentary strand (Benkovic et al. 2001).  
 
In vivo the helicase/primase forms complexes with two units of T7 DNA polymerase 
forming the viral replisome (Benkovic et al. 2001). The helicase acts to separate the 
double stranded DNA ahead of the complex, advancing the replication fork. Each of 
the polymerase molecules acts on one of the two strands. In this manner the entire 
viral genome is replicated. T7gp4 is thus vital for the propagation of the virus. 
 
 
 
5’ 
 
3’ 
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In order to translocate and unwind T7gp4 requires free NTPs as an energy source, as 
well as a metal ion cofactor (Kristen Moore Picha & Smita S. Patel 1998). Helicase 
can form rings around ssDNA without the presence of a cofactor, but will not exhibit 
translocation or unwinding activity. dTTP has traditionally been used to conduct 
experiments since the processivity is high with this nucleotide and the binding is 
strongest (Matson & C C Richardson 1983). NTP’s are hydrolyzed in each of six 
RecA folds which occur between each pair of subunits in the ring. 
 
The ring which forms the complete T7gp4 seems to accommodate either six or seven 
subunits (Toth et al. 2003). The heptameric crystal structure is shown in Figure 2. 
However, it has traditionally been referred to as a hexamer because that form has been 
the most prevalent when observed both with native gel separations (S S Patel & M M 
Hingorani 1993) and with electron microscopy (E H Egelman et al. 1995). There is 
increasing evidence that T7gp4 and other so-called hexameric helicases may actually 
exist in both states (Miyata et al. 2000). It has been proposed that the heptameric form 
of T7gp4 may be able to translocate along dsDNA since the channel is wide enough to 
accommodate both strands and there is some experimental evidence for this process 
(Kaplan & O'Donnell 2002). 
 
Each subunit contains loops which bind to the DNA substrate, facing into the central 
channel (Sawaya et al. 1999). A crystal structure of a shorter version of the protein 
complexed with the non-hydrolyzable NTP analog ADPNP indicated that the NTP 
hydrolysis state affects the relative rotation between subunits (Singleton et al. 2000). If 
this rotation is responsible for translocation along the substrate it indicates a step-size 
of 1-2bp based on the dimensions of the crystal structure. Additionally, biochemical 
assays suggest a physical step-size of 1-2bp on GC rich constructs, and 4bp on AT 
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rich constructs (Donmez & Smita S Patel 2008). Single molecule studies indicate a 
likely step-size of ~2-4bp on a mixed construct (D. S. Johnson et al. 2007). 
Biochemical studies also indicate a hydrolysis rate of 1 dTTP for every 2-3bp of DNA 
unwound (Kim et al. 2002). There is also evidence to suggest that a rate limiting step 
occurs every 6-9bp (Jeong et al. 2004). 
 
To summarize the structural data, T7gp4 consists of either six or seven subunits 
organized into a toroid. ssDNA fits through the central channel and can be bound to 
any of six binding loops which protrude into the center of the ring. The orientation of 
these binding loops is dependent on the hydrolysis state of the NTP in the hydrolysis 
pocket between subunits. This immediately suggests a variety of possible models for 
translocation on DNA. These will be examined in the following section. 
 
Models for hexameric helicase translocation 
A full understanding of T7gp4, or any helicase, would explain every step in the 
transformation of energy in chemical form, stored as NTPs, into the mechanical form 
used to translocate on and separate strands of DNA. This is referred to as mechano-
chemical coupling. It would also account for all of the interactions with nucleic acids 
and related proteins. 
 
One of the most important aspects of this process for a hexameric helicase is to 
understand how the subunits cooperate and interact with one another. For example, it 
may be that each subunit acts independently from the rest. This stochastic model 
would imply that each subunit would hydrolyze NTPs at its own rate, independent of 
the state of any other subunit. This is unlikely to be the case with T7gp4 as even a 
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small amount of non-functional monomer added in poisoning experiments 
significantly reduces the activity of the protein (Liao et al. 2005). 
 
An opposing mechanism is complete cooperativity between subunits. It could be that 
all the subunits undergo a power stroke simultaneously, every arm swiveling in 
synchronicity. Each subunit would be unable to hydrolyze NTPs until all the other 
subunits were ready. This model conflicts with the structural data showing adjacent 
subunits in different states for T7gp4 (Singleton et al. 2000), but has been proposed as 
a mechanism for SV40 (Gai et al. 2004). 
 
Another alternative is a grouped sequential model. This is similar to F1-ATPase in 
which the subunits are grouped into three groups of two (K. Adachi et al. 2000). Each 
pair of subunits can be in one of three states, either empty, bound to NTP or bound to 
NDP. Each pair of subunits cycles between these three states sequentially. This is 
difficult to reconcile with the homomeric nature of the ring, in contrast to the F1-
ATPase structure in which alternating subunits are of different types. 
 
A fourth model is a sequential model. In this case each of the subunits cycles through 
states from empty, to NTP bound, through hydrolysis, to release. There may be 
multiple distinct intermediate states, or only a few. This model is appealing because it 
agrees with the structural data in that each site is identical, but in progressively 
different mechanical states. This mechanism does not necessarily have to be sequential 
around the entire ring, it may be that anywhere between just one, to all six subunits are 
capable of occupying different states at once. Versions of this model have recently 
been suggested for T7gp4 (Liao et al. 2005), E1 (Enemark & Joshua-Tor 2006) and 
Rho (Thomsen & Berger 2009). 
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Experimental approaches to understanding helicase function 
There are a variety of experimental approaches to probing the properties and 
mechanism described above. Each of these approaches have different strengths and 
weaknesses, and a combination of data from all sources will provide the most valuable 
and complete set of information. In this section I will examine three broad, common 
experimental approaches to understanding protein function. 
 
One approach is to solve crystal structures of proteins and to speculate on the function 
of the revealed structure. This can be challenging for multiple reasons. Firstly, it is not 
always possible to crystallize a protein, or if it is possible, it may only be possible in 
very specific conditions which are not the naturally occurring conditions for the 
protein, such as when complexed with non-physiological analogs. This means that 
crystal structures may not accurately represent the physiological configuration. 
Secondly, crystal structures represent only one snapshot of the protein. Since the 
mechano-chemical cycle is a dynamic process this only gives insight into a small 
fraction of the many configurations the protein can take. Finally, it is often very 
difficult to interpret structural features in the context of function. For example, a loop 
motif may appear to bind to the DNA backbone, but if the DNA and protein are not 
crystallized together this cannot be verified. The major advantage of this technique is 
that it provides an exact atomic blueprint of the protein. Without this data it is nearly 
impossible to fully understand the biological mechanism. 
 
Another experimental approach is to conduct bulk biochemical experiments. The 
greatest strength of this approach is also the greatest weakness, which is that it is a 
measurement of the average behavior of an enormously large group of molecules. This 
is good because enormous amounts of data are being collected by each experimental, 
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since billions of molecules are being examined at once. It is bad because this makes it 
hard to probe non-equilibrium parameters, such as the dynamics of a motor protein. 
For example, this approach has been used to determine the average hydrolysis rate of 
helicases, and the average translocation rate. However it is nearly impossible to 
measure the dynamic variation in these rates along a single strand of DNA since the 
behavior is necessarily averaged over all possible states of the protein on the DNA.  
 
A third approach is to use single-molecule methods to study the behavior of individual 
proteins on individual strands of DNA. In contrast to bulk studies in which many 
millions of molecules may be examined and averaged together, single-molecule 
experiments involve looking at biological molecule one at a time. This has the 
advantage that an experimenter can watch a protein performing its function in real-
time, hence revealing information which would otherwise be lost. For a helicase 
experiment this means that the unwinding process can potentially be observed as it 
happens, instead of looking at an equilibrium result. The difficulty with this approach 
is that statistics are collected extremely slowly, since only one molecule is examined 
at a time. Experimental design can also be very challenging. Because understanding 
the mechano-chemical coupling requires an understanding the dynamics of the protein, 
the single-molecule approach is particularly appropriate. 
 
T7gp4 Helicase Step Size 
Each of the above experimental methods has been used to perform many experiments 
of T7gp4 helicase. However, one piece of data which has so far eluded experimenters 
has been a measurement of the physical step size. In fact, the physical step-size has 
never been observed for any hexameric helicase, although the evidence supporting a 
sequential or partially sequential model described above strongly suggests that it is 
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likely to be 1-2bp.  Direct observation of a step-size in this range would be an 
important confirmation which ties together the structural, biochemical and existing 
single-molecule data.  
 
In order to observe the step-size, it is necessary to be able resolve 1nm displacements. 
This is because the contour length of ssDNA is around 0.5nm, and it only reaches this 
contour length at around 20pN, meaning that under reasonable experimental 
conditions it will be even smaller. 
 
This thesis describes the construction of an instrument capable of resolving these 
distances (Chapter 2), simulations and theoretical work to determine the magnitude of 
the signal as well as the background noise (Chapter 3), the synthesis of an appropriate 
DNA construct to use with the instrument, as well as experimental results (Chapter 4), 
and finally a discussion of relevant extensions to this work (Chapter 5). 
 
Summary 
Helicases are ubiquitous proteins which convert dsDNA into ssDNA in a variety of 
diverse biological processes. They share motifs with many other translocases and 
ATPases, and by understanding the mechanism of a single protein we can better 
understand the entire class. We study T7gp4, a ring-shaped helicase from 
bacteriophage T7. Current experiments indicate that the physical step-size of this 
protein is likely to be 1-2bp, but this has never been directly observed. 
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Chapter 2: 
Construction of a Dual Optical Trap 
  
 18 
Introduction 
In order to resolve 1 basepair unwinding events, we must be able to resolve changes in 
DNA length on the order of 1 nanometer. Optical trapping is an ideal technique to use 
due to the high bandwidth and resolution afforded by back focal plane detection. 
However, the standard configuration for performing such experiments in a single trap 
is unsuitable due to significant instabilities at small length scales on experimental 
timescales. In order to observe these displacements a more sensitive instrument is 
required. A dual-trap instrument has better sensitivity and is immune to the drift issues 
which affect single trap instruments. 
 
Optical Trapping 
Optical trapping is a technique for manipulating microscopic particles using a highly 
focused beam of light (Ashkin 1970; Ashkin et al. 1986). Dielectric particles in the 
presence of the field produced by the light are pulled to the region of highest intensity 
by gradient forces (Ashkin et al. 1986). The particle will be displaced slightly from the 
center in the vertical direction due to the additional force of radiation pressure. The 
position of the particle in the trap can be determined at very high speeds using back 
focal plane detection (Keir C. Neuman & Steven M. Block 2004). By calibrating the 
stiffness of the trap, and the sensitivity of the detection system the force and 
displacement of the particle can be measured at rates limited only by the detector and 
data acquisition speed. 
 
Standard Optical Trapping Configuration 
A simplified layout for a standard single optical trap is shown in Figure 4. Light from 
a 1064nm TEM00 continuous wave laser is first passed through an acousto-optical 
modulator (AOM), and the zeroth order beam is blocked. The AOM allows the 
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noise of the beam, whereas the former can be corrected for by performing all 
experiments using position measurements which are normalized to the total incident 
power. Positional changes of the beam in the sample chamber are indistinguishable 
from motions of the trapped particle. By coupling the laser to a single mode fiber all 
pointing instabilities simply correspond to a change in coupling efficiency, changing 
the total power output of the fiber. 
 
The output from the single mode fiber is then collimated and the polarization is 
cleaned using a polarizing beam splitting cube (PBSC). This leaves a single, pure 
polarization component. This will also convert any polarization noise into power 
fluctuations. At this point, the polarization can be arbitrarily rotated using a λ/2 wave-
plate (Hecht 2001). This may be important if using a microscopy configuration which 
relies on polarization.  
 
Next, the beam is expanded. This is so that the waist of the beam overfills the back 
aperture of the microscope objective, resulting in a stiffer trap then would otherwise 
be obtained (Fallman & Axner 2003). This is accomplished with a pair of plano-
convex lenses with the ratio of focal lengths determining the magnification. Typically 
the beam is expanded so that the 1/e2 points of the Gaussian beam match the objective 
aperture (Keir C. Neuman & Steven M. Block 2004). 
 
The beam may also be passed through an additional 1:1 telescope, where the initial 
lens is mapped to the back aperture of the microscope objective. This telescope does 
not affect the structure or size of the beam, but rather serves to link displacements of 
the lens to displacements of the beam in the sample plane. This occurs because when 
correctly mapped, translations of the primary lens will correspond to a pure rotation at 
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the back aperture of the objective lens (Hecht 2001). This allows manual control over 
the beam position in the sample plane. By mounting the lens on a micrometer stage an 
experimenter can control the beam position by hand with a resolution of tens of 
microns. This is useful for large adjustments before conducting an experiment. 
 
Finally the beam passes through the objective lens of the microscope. This is typically 
a high numerical-aperture, oil or water immersion lens. A high NA lens is vital to 
produce a strong gradient, giving a large stiffness (Keir C. Neuman & Steven M. 
Block 2004). A low NA lens will result in a trap with an axial stiffness which is 
unable to compete with the scattering force, and will not trap particles. The diffraction 
limited spot formed by the focused beam forms the optical trap. 
 
Back Aperture Detection 
Detection is accomplished by collecting the light exiting the condenser lens. Typically 
this is separated from the illumination path of the microscope using a dichroic mirror 
which reflects the infrared trapping beam, but does not affect the visible illumination 
source for the microscope. The light forming the optical trap passes through the 
sample chamber and exits through the condenser aperture.  
 
The light is then collected by a position sensitive detector (PSD). The plane of the 
detector is mapped onto the back aperture of the condenser using a telescope. This 
mapping provides the greatest sensitivity to deflections of the beam. If the beam is 
mapped correctly displacements of a trapped bead will correspond directly to a shift in 
position of the beam at the detector (Gittes & Schmidt 1998). A typical detector of 
choice is a quadrant photodiode, in which the power falling on each of four quadrants 
of a circle is used to perform a weighted spatial average. 
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The detectors are adjusted so that when a free bead is trapped in the beam, the position 
of the beam on the detector is zeroed in both dimensions. As the bead is displaced in 
the X or Y directions, the beam is also displaced at the back aperture of the condenser 
lens (Gittes & Schmidt 1998). Since the PSD is mapped to the back aperture, the 
displacement of the bead results in a corresponding change in position of the beam on 
the detector. By calibrating the displacement of the bead to measurements at the PSD, 
the position of a trapped bead can be determined to sub-nanometer resolution, at rates 
limited by the bandwidth of the detectors and the data acquisition rate, which is 
typically at least 10KHz. 
 
The force on a displaced bead can also be determined from the position, if the trap 
stiffness is known. The TEM00 mode has a Gaussian intensity profile, and the force is 
proportional to the first derivative of the intensity (Ashkin et al. 1986). This means 
that in the center of the trap the force scales linearly with displacement, and also with 
laser power. The stiffness can be calibrated using a variety of methods (Keir C. 
Neuman & Steven M. Block 2004; Tolić-Norrelykke et al. 2006), and once 
determined, the position measurement combined with a measurement of the total beam 
intensity can be converted into a force. A typical trap stiffness is 1pN/nm.W, at typical 
powers this means that forces of up to 100pN can easily be generated on the bead. 
 
Once calibrated, position data from the PSD’s along with a measurement of the beam 
power in the sample plane can determine the position and force of the bead in real-
time, at high accuracy and precision. If the stage position and trap height are known 
this can be converted into information about the extension of the DNA molecule being 
probed. 
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Additionally, the power and extension can be modulated by feeding back to the AOM 
and the piezo-electric stage. This allows an experimenter to perform a variety of 
“clamps” to probe different aspects of a biological system. 
 
To stretch a molecule at a certain rate a velocity clamp can is used. In this mode the 
position of the bead is monitored while the stage is moved at a constant rate. If the 
bead is displaced from its set-point in the trap then the intensity of the beam is 
modulated to either increase or decrease the trap stiffness, so that the bead is pulled 
back to the desired location. This keeps the bead at a constant location in the trap, 
resulting in a constant velocity of extension of the DNA construct. 
 
Another common clamping technique is to use a force clamp. In this configuration the 
position of the bead is also maintained by modulating the beam intensity, but instead 
of moving the stage at a constant rate, the stage is displaced so as to maintain a 
constant force on the bead. This is useful for experiments in which a protein is causing 
a change in the number of ssDNA bases, such as the helicase unwinding assay. 
 
A third clamp is a force-ramp, which is similar to the force clamp but with a varying 
force set-point. This is useful for dynamic force spectroscopy type experiments in 
which the loading rate is an important parameter (Strunz et al. 1999). 
 
There are a variety of more complicated clamps, but generally these are extensions 
and combinations of the three basic clamps described here. In general the feedback is 
performed by using PID loops running at rates close to 1kHz.  
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as the protein unwinds the DNA by feeding back on the stage position as progressively 
more basepairs are released. This provides an assisting force to the helicase. 
 
For example, by performing a force clamp after adding helicase the position of the 
stage will be steadily increased as more double stranded basepairs are unwound into 
the single stranded arms. This is because as bases are added to the arms the total 
stiffness decreases, so in order to maintain the force set-point the stage must be 
displaced, extending the DNA in the arms. In this manner it is possible to assist the 
helicases unwinding activity by providing a force at the junction which acts to 
destabilize the dsDNA bases. 
 
By varying the assisting force and measuring the rate at which the helicase unwound 
the DNA we were able to determine the activeness of the enzyme, as well as 
predictions for the step-size (D. S. Johnson et al. 2007). 
 
Drift in single optical trap configurations 
Noise can be a significant problem in optical trapping experiments. One of the greatest 
sources of noise is due to the Brownian fluctuations of the bead in the trap, the 
characteristics of which depend on parameters including bead size, DNA stiffness, and 
temperature (Keir C. Neuman & Steven M. Block 2004). This noise imposes a basic 
limitation on the resolution of the instrument. It can be reduced by careful choice of 
experimental design -- for example by minimizing the length of anchoring DNA -- but 
it can never be eliminated. 
 
Instrumentation noise can also be reduced. This noise has contributions due to 
electronic noise, vibrations coupled into the microscope, ground loops, and various 
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other sources. One of the strongest sources of noise which affects single trap 
instruments is fluctuations in the position of the cover-slip relative to the optical trap. 
This is generally referred to as microscope drift. A typical drift rate is on the order of a 
nanometer per second in the axial direction, and it can be in either a positive or a 
negative direction. Possible causes of this drift component are the viscous immersion 
oil settling and dragging on the coverslip, liquid evaporating from the sample 
chamber, and local heating effects. Although it is possible to stabilize this drift to 
within a nanometer over a long period of time (A. R. Carter et al. 2007), deviations on 
short time scales are hard to accurately correct for, and it is exactly these which are 
likely to obscure individual unwinding steps. 
 
I performed experiments to measure typical amounts of drift on two separate 
instruments. Representative data is shown in Figure 6. Drift typically exhibits both 
long term components -- such as the long, slow downward trend – as well as faster 
components. The drift in the plane perpendicular to the optical axis of the microscope 
is orders of magnitude less than that in the axial direction, and is typically not large 
enough to affect experimental data. 
 
The drift was tracked by performing image correlation on beads fixed to the surface of 
the sample chamber. This provides a resolution of < 5nm. Since this only tracks the 
physical motion of the coverslip it does not include additional drift contributions due 
to trap position fluctuations, such as those due to heating of the objective lens 
(Mahamdeh & Schaffer 2009). Measurements which track the position of the bead on 
the coverslip will thus always be an underestimation of the total drift which occurs 
during a trapping experiment.  
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which the bead is held relative to the surface is required to correctly calculate the 
extension of the DNA. If this height varies due to variations in the height of the 
coverslip, this will be added to calculations of the DNA extension. The short-term 
fluctuations are of particular concern for step size measurements because they are on 
the order of the signal generated by a few basepairs being unwound. 
 
The drift in coverslip position also affects the stiffness of the trap. Our previous 
experiments have all been carried out using oil immersion lenses. Because of the index 
of refraction mismatch between the liquid in the sample chamber (n=1.33) and the 
immersion oil (n=1.51) the degree of spherical aberration depends upon the height at 
which the beam is focused relative to the coverslip (Pawley 1995). This manifests as a 
change in trapping stiffness as a function of trapping height, and also means that at 
distances greater than around 10um in the chamber it is very hard to trap beads. 
 
Lastly, any other uncorrected fluctuations in the quality of the beam, such as 
deviations in position due to movement of optical components, or Schlieren noise due 
to index of refraction fluctuations of the air will all add noise to the measurement. 
 
Dual Trap 
A dual trap configuration eliminates or reduces many sources of noise. Instead of 
holding a tether between a trap and the surface of the coverslip, a second trap is 
formed, and a second bead attached to the end of the DNA construct. This completely 
eliminates any noise from stage drift by completely decoupling the experiment from 
the surface. Any relative changes in the trap position with respect to the chamber 
surface will be experienced equally by both beams, and so the relative heights will 
remain the same. 
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shifted by the same amount, and so fluctuations in the height of the coverslip do not 
affect the extension of the DNA.  
 
Additionally, any pointing instability of the beam which occurs before the beams are 
split will also affect both beams. To maximize the advantage that this provides the 
optical path in our instrument is designed so that the split path portion is as close to 
the objective lens as possible, and goes through as few optical elements as is possible. 
This means that there are only a few pieces of optics which can affect the beams in a 
non-identical manner. 
 
Water immersion objective lens 
Using a water immersion lens is also beneficial for reducing the effects of noise. With 
an oil immersion lens the absolute focal position does not stay constant when the 
sample chamber is displaced. This is shown in the simulation in Figure 10a. This 
means that when performing experiments with an oil immersion lens we must apply a 
correction for the relative motion of the trapping position as the stage is moved in the 
Z direction. With a water immersion lens the trapping position remains at the same 
absolute position, shown in Figure 10b. 
 
The degree of spherical aberration increases with trapping depth in an oil immersion 
lens. This means that the trap stiffness varies with height, and it is not possible to 
reliably trap deeper than around 10um into the sample chamber. The amount of 
spherical aberration when using a water immersion lens only depends upon the 
thickness of the coverslip. This can be eliminated for a certain thickness by adjusting 
the correction collar located on the body of the lens. 
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an ideal configuration for observing small signals such as the unwinding steps of T7 
helicase. 
 
Differential Measurements 
In addition to isolating the DNA construct from the coverslip, there is an additional 
important advantage which a dual trap provides over a single trap configuration. It 
allows one to make differential measurements of position, by using the difference co-
ordinate of the beads rather than the displacement of just one bead. This is 
advantageous because Brownian fluctuations will tend to move the beads in the same 
direction, since they are coupled together by the DNA. However, an unwinding event 
will cause them to move in opposite directions (Moffitt et al. 2006). 
 
Our Instrument 
The dual trap I built used a 5W YVO4 continuous wave 1064nm infra-red laser 
(Spectra-Physics). This passed through an AOM (Isomet) and was then coupled to a 
single-mode fiber (OZ Optics). The output was passed through a λ/2 waveplate, a 
PBSC, a second λ/2 waveplate before entering the primary expansion telescope. Next 
the path is split with a PBSC, one path is reflected from a fixed dichroic mirror and the 
second from a mirror mounted on a tip-tilt piezo stage (Mad City Labs). The paths are 
recombined and passed through a combination mapping/expansion telescope before 
entering a modified microscope body (Nikon). The objective used is a 1.2NA 60X 
water immersion lens (Nikon). The output beam passes through a mapping telescope, 
is split by a PBSC and each beam is incident on a quadrant photodiode (Pacific Silicon 
Detectors). The signal is filtered by an anti-aliasing 8-pole Butterworth filter (Krohn-
Hite) and acquired by a 16bit data acquisition card (National Instruments). All 
 feedback, ac
(National In
 
Examples of
An example
calculated n
single trap a
basepairs de
single trap s
not significa
This is show
 
Figure 
quisition, tr
struments). 
 dual trap r
 of the imm
umber of ba
nd for a dua
pends on th
ince it affec
ntly affect t
n in the bot
11) Compar
acking and 
esolution 
unity from d
sepairs fluct
l trap config
e extension 
ts the. This 
he dual trap
tom trace. 
ison of trapp
35 
analysis soft
rift is shown
uates as an 
uration. Be
of the DNA
can be seen 
 because the
ing stability
(bottom)
ware was cu
 in Figure 
unzipping c
cause the ca
, drift will a
in the top tr
 traps are is
 for single t
.  
stom writte
11. This sho
onstruct is h
lculated num
ffect this cal
ace in Figur
olated from 
rap (top) an
n in LabVie
ws how the 
eld open, fo
ber of 
culation for
e 11. Drift d
the surface.
 
d dual trap 
w 
r a 
 the 
oes 
 
 Figure 12 sh
a 3kbp dsDN
is stepped b
 
Figure 12)
 
Summary 
Single beam
They are cap
sub-piconew
trap the DN
ows an exam
A molecul
y 2nm, resul
 Stretching a
 optical trap
able of reso
ton precisio
A construct 
ple of the 
e stretched b
ting in a cha
 dsDNA in 
s are the mo
lving sub-n
n. When pe
must be teth
36 
resolution o
etween the 
nge of exte
steps, 2000H
40Hz in re
st common
anometer m
rforming ex
ered to the 
f the dual-tr
traps. Every
nsion slightl
z data in b
d. 
 type of opti
otions of a t
periments w
surface of th
ap instrumen
 second the 
y greater th
lack, adjace
cal trapping
rapped bead
ith a single 
e sample ch
t. This show
movable tra
an 1nm. 
nt averaged 
 apparatus. 
, and forces
beam optica
amber. This
s 
p 
to 
 to 
l 
 
 37 
couples in noise due to drift in the stage position which occurs at rates of up to 1nm/s. 
When performing unwinding experiments this reduces the accuracy and stability of the 
base-pair measurement. For high-precision experiments this drift can obscure the 
signal of interest. To decouple the experiment from stage motions a dual optical trap 
can be used. This uses a second bead and beam, instead of attaching the DNA to the 
coverslip. In this way the noise from stage drift is removed, and additionally the 
differential signal improves resolution. The dual trap instrument I built shows a 
significant improvement in stability and small increase in resolution compared to our 
single-beam instruments. 
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Chapter 3: 
Simulations of the Helicase Unwinding Signal 
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Introduction 
To examine whether the advantages of the dual-trap afford us the necessary resolution 
to observe individual unwinding events, we must identify the magnitude of the 
expected step signal and the magnitude of the noise signal over the measurement 
bandwidth. 
 
In order to do this we must know both the expected signal from a single physical step, 
and the background noise from the fluctuations in the system due to Brownian motion. 
These parameters may be estimated from equilibrium simulations of the system.  In 
the following chapter the method of simulation will be described, as well as the 
predictions resulting from this work. 
 
Force Extension Relations in DNA 
The first step in this procedure is to be able to accurately and quickly calculate the 
force-extension curves of ssDNA and dsDNA. These non-linear curves have been well 
characterized by theory and experiment (S. B. Smith et al. 1996; M D Wang et al. 
1997). Examples of force-extension curves for both ssDNA and dsDNA are shown in 
Figure 13. 
 
Both ssDNA and dsDNA exhibit a non-linear, entropic region below their contour 
length (0.34nm for dsDNA, 0.54nm for ssDNA) followed by a rise to a more linear 
regime when the contour length is exceeded. The approximations used in this work 
neglect the more complicated effects which occur at higher forces. For example, the 
dsDNA overstretching transition which occurs at around 60pN does not appear on the 
figure below (S. B. Smith et al. 1996). This is not important for these calculations as 
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There are several good approximations for the dsDNA force-extension relation (M D 
Wang et al. 1997). In this work I use the modified Marko-Siggia wormlike chain 
model for forces up to 20pN: 
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And I use the Odijk  model at forces above 20pN (Odijk 1995): 
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Where dsL =0.34nm is the double-stranded contour length, bK  is Boltzmann’s 
constant, T is temperature, dsb  =86.2nm is the double-stranded Kuhn length, and dsK
= 1205 pN is the double-stranded stretch modulus. 
 
In order to increase the speed of calculation, the force extension curves for both 
ssDNA and dsDNA are pre-calculated and stored in lookup tables. Values are 
subsequently obtained by performing a spline interpolation between the calculated 
points. In Figure 13 above the points show exactly calculated values and the curves are 
obtained by interpolation. 
 
To understand the calculation of the unzipping signal magnitude it is helpful to first 
consider the simpler process of mechanically unzipping the dsDNA by applying a 
force with the trap.  This process may either be performed as a constant-extension 
experiment in which the separation of the traps is increased in well-defined steps and 
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the force is allowed to fluctuate, or a constant force experiment in which the force is 
increased in well-defined steps and the extension is allowed to fluctuate.  
 
Constant Extension 
In a constant extension configuration the total extension of the ssDNA is steadily 
increased, while the force is adjusted via feedback, by modulating the intensity of the 
trapping beam.  
 
At every possible extension there are a variety of configurations the DNA can take. 
There could be relatively few basepairs in the ssDNA region, each significantly 
stretched out. Alternatively there could be a large number of ssDNA bases, each with 
only a very small extension. Each possible configuration has a certain free energy, 
with contributions from the elastic energy of the ssDNA, and from the sequence-
dependent base-pairing energies.   
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The elastic energy of the ssDNA may be calculated using the previously defined 
expressions. For constructs which contain a dsDNA anchor region an additional 
energy term can added. In order to include the dsDNA anchoring segment we add an 
additional stretch energy term: 
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And the single-stranded and double-stranded extensions can be found for a specific 
number of basepairs by optimizing the force until the sum of the extensions is equal to 
the specified total extension.  
 
The precise base-pairing energy depends upon the particular buffer conditions used 
but is typically around 3.4KbT for GC bases (with 3 hydrogen bonds) and 1.4KbT for 
AT bases (with 2 hydrogen bonds) (D. L. Nelson & Cox 2004). This means that the 
base-pairing energy is highly sequence dependent. For regions in which there is high 
GC content there will be a significantly higher free energy associated with base-
pairing than in a region with primarily AT basepairs. A more complete treatment of 
base-pairing energy also includes “stacking” interactions between adjacent bases. This 
results in 16 possible different base-pairing energies depending on both the current 
and subsequent base. As an increasing number of basepairs are broken, the total 
basepairing free energy monotonically increases, with variations away from being 
purely linear due to the sequence. 
 
To calculate the equilibrium force for a specific extension the total free energy for 
each possible number of unzipped basepairs is calculated by adding the contributions 
from each of terms in the above equation.  
 
Once we have calculated the free energy for every possible number of unzipped 
basepairs, we can take an average using the calculated free energies to weight each 
configuration: 
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however with the addition of helicase many bases can be prevented from annealing. 
An example of this for the same construct under a 10pN force is shown in Figure 23. 
 
Magnitude of stepping signal 
To determine the magnitude of the step signal we can calculate the response to the 
helicase moving forward by one physical step. The feedback rate of the system is on 
the order of 1KHz and the DNA basepairing fluctuations are several orders of 
magnitude faster (M. D. Betterton & Julicher 2003). The helicase steps at around 
<100Hz. This means that prior to the step being taken the system is close to being in a 
true constant force configuration, however as the step is taken it is instantaneously in a 
constant extension configuration as the system cannot respond immediately to the 
change in length.  
 
Immediately after a step the length in basepairs of the ssDNA arms will increase, 
causing a small drop in force as the beads relax to a new equilibrium position, because 
the system cannot immediately adjust the force to compensate. This means that size of 
the stepping signal corresponds to this small displacement in the trap of the beads. The 
magnitude of this step can therefore be calculated by finding both the initial and final 
positions of the beads in the trap, given a certain set of parameters. 
 
This position can be found by performing an optimization on the equilibrium position 
of the unzipping fork (using a calculation similar to that described above) and the 
extension of the ssDNA (this is necessary because the extension determines the force, 
which determines the equilibrium number of basepairs, which in turn determines the 
extension). Performing this procedure at every location on a DNA construct gives the 
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et al. 2006). We can apply this to the current configuration by modfying their dsDNA 
stiffness to reflect the combined stiffness of the ssDNA and dsDNA constructs in our 
experimental setup: 
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Where we calculate stiffness by taking the first derivative of the spline interpolations 
of the force-extension curves. This gives the following expressions for the various 
noise contributions: 
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Where B is the measurement bandwidth, 1k  and 2k  are the stiffnesses of the two traps, 
1  and 2  are the drag coefficients of the two microspheres, and   describes the 
hydrodynamic coupling between the microspheres at distances larger than the bead 
radius (Meiners & Quake 1999).  These are approximately given by: 
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“wrapping around”. We typically use an 8-pole Butterworth filter set at 5kHz, 
since we collect data at 10kHz. 
2) During the data collection the data is averaged and decimated. These rates can 
be specified by the user. 
3) During data analysis we typically will further filter the data using a Gaussian 
filter in order to further reduce the noise content of the signal. 
 
To simplify this discussion the averaging step will be ignored and it will be assumed 
that we collect all the data at 10kHz. The effect of the 2nd and 3rd averaging steps can 
be combined by performing a single low pass filter. 
 
The procedure to use the calculated SNRs to simulate unzipping traces is as follows: 
 
1) Find the total amplitude noise signal integrated over the measurement 
bandwidth. 
2) Generate Gaussian distributed noise for every point in the simulated signal 
3) Generate a simulated stepping trace given the average helicase translocation 
rate. 
4) Add the signal and noise signals together 
5) Apply digital low-pass filtering 
 
For example: under typical conditions and 12pN of force we get a SNR of about 50 
nm/Hz0.5 for 1bp steps, for the first 200bp. Steps are simulated by choosing rates from 
an exponential distribution with an average rate of 50Hz, with 10,000 points generated 
for each second of simulated data, mimicking the experimental data collection rate. 
This signal is then added to a simulated noise signal generated randomly from a 
 62 
Gaussian distribution with a standard deviation of 0.63, corresponding to the SNR at 
the Nyquist frequency. This reproduces the noisy stepping signal after being anti-alias 
filtered and sampled by the data acquisition hardware. Next the signal is resampled (to 
increase processing speed) and low-pass filtered to a frequency of twice the average 
stepping rate. This procedure, with the above parameters is illustrated in Figure 30. 
 
When simulating the helicase steps it is assumed that the stepping rate follows an 
exponential distribution. This is valid if there is a single rate limiting step in the 
biochemical cycle of the helicase. Otherwise, it will follow a Gamma distribution (K. 
C. Neuman et al. 2005). To simulate this data rates are generated by using  
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Where x is an evenly distributed random number between 0 and 1. An example of a 
stepping signal generated using this procedure is in Figure 30a. This demonstrates the 
distribution of plateau sizes due to the exponential distribution of rates. Some steps 
remain fairly obvious after processing, but there are also sections in which multiple 
steps occur in very close in time, and are hard to distinguish in the processed data.  
 
There are many methods to retrieve steps from noisy data. A recent paper (B. C. 
Carter et al. 2008) comparing many of these methods found that the iterative χ2 step-
fitting procedure proposed by Kerssemakkers et. al. offered the best performance 
(Kerssemakers et al. 2006). 
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Figure 31) Example fits for 1, 2, 10 and 50 iterations of the Kerssemaker step fitting 
algorithm. After 50 steps the noise is fit rather than true steps. 
 
Eventually as the steps get smaller and smaller they will start fitting the noise instead 
of steps. In order to determine when this is the case, at each fitting iteration a 
“counter” fit is performed in which alternative steps are fit between the plateaus of the 
existing steps, and all the existing steps are then removed. If it is purely noise 
remaining, both of these fits should work well. If instead the correct number of steps 
are being used to fit the data, an alternative fit should fit significantly less successful. 
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Comparing this SNR value to the calculated SNR values from simulation illustrates 
that under optimal experimental conditions -- 1000bp dsDNA tether, 250nm radius 
beads – the SNR is almost precisely at the threshold for step detection. Because this is 
an idealized calculation of noise there will be many other sources present during a real 
experiment. This means in order to maximize the ability to see 1bp steps the helicase 
likely needs to be slowed to rates slower than 50Hz, as well as optimizing all of the 
experimental parameters discussed above. 
 
Summary 
ssDNA and dsDNA have a well-characterized, non-linear elastic response. Using 
analytical expressions for these relationships, in combination with knowledge of the 
base-pairing energy and sequence, equilibrium simulations of constant-extension and 
constant-force experiments can be performed. These are very successful in predicting 
experimental data. Helicase can be added to the simulations and the magnitude of the 
signal generated by a single unwinding event can be calculated. The noise can be 
calculated using the instantaneous stiffness of the system and hydrodynamic coupling 
of the beads in solution. This allows a calculation of the SNR under specific 
experimental conditions. By analyzing simulated stepping data the threshold SNR for 
observing steps can be determined. The simulations indicate that under optimal 
experimental conditions, single base pair stepping is detectable at stepping rates of  
less than ~50Hz. 
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Chapter 4: 
Measuring the Step-Size of T7 DNA Helicase 
  
 69 
Introduction 
To probe the step size of T7 DNA helicase I used a dual trap configuration like that 
shown in Figure 9. Obtaining this configuration with the DNA stretched between the 
traps is significantly more challenging than in the single trap configuration, 
particularly when the trap is built around a microscope. In order to accomplish this a 
novel method for forming double tethers was implemented, using a method of 
temporary attachment to the sample chamber surface. Using this method discrete steps 
of multiple sizes were observed as T7gp4 unwound a GC rich construct, the smallest 
of which was 1bp. 
 
Forming tethers in single trap configuration 
In the single trap configuration it is straightforward to prepare a DNA chamber. A 
typical protocol used is: 
 
1. Incubate sample chamber with anti-digoxegenin diluted in PBS for 12 minutes 
2. Wash chamber twice times with 4mg/ml casein solution 
3. Incubate chamber with DNA for 12 minutes 
4. Wash chamber twice with 4mg/ml casein solution 
5. Incubate chamber with streptavidin coated beads for 12 minutes 
6. Wash chamber twice with 4mg/ml casein 
7. Flow in helicase solution 
 
The anti-digoxegenin binds non-specifically to the surface, providing an attachment 
point for the digoxigenin tagged DNA. Casein is a blocking agent, which prevents 
DNA and beads from sticking to the surface by coating it with a hydrophobic layer. 
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experiment is being performed. However, the DNA construct must still somehow be 
loaded into the pair of traps. The ultimate product will be formed from one of each 
type of bead, linked with a DNA construct, this is shown schematically in Figure 34. 
 
One common solution is to use a flow cell device (Brewer & Bianco 2008). In these 
devices there are typically three distinct regions. One region contains one of the two 
varieties of beads, a second region contains the other variety of beads with DNA 
attached at one end, and the third region contains the experimental buffer. One of the 
beads can be attached to the DNA by incubating them together before they are flowed 
into the chamber (Landry et al. 2009). 
 
Tethers are then formed within such a device by manually combining the components. 
First, one of the beads is trapped in one of the two traps. Then the chamber is moved 
so that the other type of bead can be trapped within the second trap. Next the two 
trapped beads are moved into the experimental buffer region. At this point the beads 
can be brought together so that the DNA strand attached to one can attach to the other 
via the second linkage. Successful linkage can be observed by pulling the beads apart 
and observing whether the motion is coupled.  
 
There are several difficulties which may be encountered when using a flow cell 
configuration. First, there must be a method of delivering buffer and beads to each of 
the channels. This requires a more complex sample chamber design, such as adding 
holes through the coverslip or slide, and additional components outside of the chamber 
itself. These additional components are typically bulky pieces of equipment such as 
capillary tubes, pumps, regulators and vacuum connectors. Space will often be at a 
premium in experimental optical trapping setups, especially those built around a 
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microscope body. This is because the condenser lens covers a very wide area, making 
it difficult to add to the size of the sample chamber. 
 
Another difficulty with a flow cell is that material must be cycled through the device, 
requiring much higher volumes of sample buffer than single trap experiments. While 
this may not be a problem for experiments which require a relatively simple and 
inexpensive buffer, it can potentially be extremely expensive or impossible for 
experiments in which the buffer contains purified proteins. 
 
A final difficulty with flow cell designs is the process of tether assembly. Because this 
process requires bringing the two beads close together it is possible for the beads to be 
pushed out of the traps, or both pulled into the same trap. This becomes more likely as 
the DNA tether length is decreased as this necessitates a close approach between the 
traps. 
 
SLUDTS: Surface-Linked, Unzippable Double Tethers 
To avoid the complications associated with flow cells I developed a novel technique 
for forming double tethers. This method attaches double tethers to the surface of the 
sample chamber using a temporary connection, allowing the experimenter to “peel 
off” ready-made double tethers from the surface. 
 
For tethers to be able to be removed from the surface, the connection to the surface 
must break when a force is exerted by the optical traps. If this were not the case it 
would be impossible to remove the double tethers from the surface. Typical bonding 
interactions -- such as antibody interactions -- are unsuitable for this because they are 
too strong, breaking at over 70pN of force (Kienberger et al. 2005).  
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The process of removing an unzippable double tether from the surface is shown in 
Figure 35. They can be identified under the microscope by the presence of the two 
tethered beads, showing tethered Brownian motion. Upon finding a tether the two 
beams are first lowered in power, so that the maximum possible applied force is less 
than the unzipping force. Then the beams are brought to the position of the beads. By 
pulling the construct sideways, the two beads tend to separate along the X-Y plane 
because of the geometry of the surface connection. Once each of the beads is in a 
separate trap the power is increased and the surface displaced in the Z direction. This 
unzips the short tether connecting the beads to the surface, leaving a dual tether 
stretched between the two traps. 
 
A typical protocol for forming a chamber is as follows: 
 
1. Mix anti-digoxegenin beads, streptavidin beads and DNA. Incubate for 1 hour 
with mild agitation. 
2. Incubate sample chamber with anti-digoxegenin diluted in PBS for 12 minutes 
3. Wash chamber twice times with 4mg/ml casein 
4. Incubate chamber with short unzipping DNA for 12 minutes 
5. Wash chamber twice with 4mg/ml casein 
6. Incubate chamber with pre-incubated mix from step 1 for 40 minutes. 
7. Wash chamber twice with 4mg/ml casein 
8. Flow in helicase solution 
 
Helicase Step-Size Assay 
To probe the physical step-size of T7gp4 a construct containing a long run of purely 
GC bonds was used, called Poly(GC)100.  This reduces the sequence dependent 
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which could be ligated to additional pieces of DNA. One end was ligated to a hairpin 
construct with 5bp in the loop. The other end was ligated to an adaptor segment which 
contained a base modified with biotin. This intermediate construct was then gel-
purified before being ligated to the standard anchor segment described previously 
(Koch et al. 2002). A final gel purification was then performed so that only the 
complete construct remained. 
 
The final experimental buffer conditions were 10nM EDTA, 1mM dTTP, 50nM 
MgCl, 200nM gp4A’ monomer, with 0.4mg/ml casein, 0.02% Tween 20, 50 mM 
NaCl, and 20 mM Tris-HCl (pH 7.5). Although the exact rate of helicase unwinding is 
dependent on force, at typical forces between 14-18pN this resulted in an unwinding 
rate of around 20-50Hz. 
 
An example of a helicase unwinding experiment is shown in Figure 37. After a double 
tether was loaded into the dual trap, approximately the first 50bp are unzipped 
manually. The force is then maintained at a value between 14-18pN. The helicase 
could then bind to the exposed single-stranded region. If this occurred it would first 
translocate along this region and then upon encountering the dsDNA fork would start 
to unwind the DNA. This would result in a decreasing force on the beads, due to an 
increasing number of ssDNA bases in the arms. To compensate for this drop in the 
force the movable trap would be translated away from the fixed trap, increasing the 
tension in the DNA until the force reaches the set-point. This is maintained until either 
the DNA is completely unzipped, or it breaks. 
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Figure 41) Example trace showing multiple step sizes.  
 
The observation of 1bp minimum steps supports a model for helicase translocation in 
which the helicase advances due to the action of one subunit at a time. Crystal 
structures indicate that adjacent monomers are in progressively different states 
(Singleton et al. 2000; Toth et al. 2003). This makes it highly likely that the 
mechanism is sequential. 
 
One possible configuration is that each subunit is active in turn. This is illustrated 
schematically in Figure 42a. One subunit is initially bound to the ssDNA strand in an 
unrotated position, with a dTTP molecule in the hydrolysis site (state A). Upon 
hydrolysis the binding loop is rotated downward, pulling the ssDNA through the 
central channel by 1nt. The conformational change affects the next subunit, altering 
the next site so that it is more likely to bind to DNA and hydrolyze a dTTP molecule. 
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relative to its neighbors. This results in translocation of the helicase as the DNA is 
escorted through the ring by the binding of the subunits.  
 
The latter model is supported by the crystal structure of other hexameric helicases 
crystallized with DNA and RNA (Enemark & Joshua-Tor 2006; Thomsen & Berger 
2009), and also by other experiments within our lab which indicate that more than one 
monomer is bound to the DNA at once. In combination with these results, the 
observation of single base-pair steps gives strong support to the proposed sequential 
translocation mechanism, particularly the co-ordinated escort model. 
 
Summary 
Double-tether constructs are more difficult to load into optical traps than a single trap 
configuration. Typically flow cells are used, but the space requirements for this is not 
always compatible with an existing microscope design. A novel method of loading 
double-tethers was implemented, by using a temporary connector to the surface 
consisting of a very short unzipping construct. Using this method of loading the 
double tethers, single base-pair steps were observed as T7gp4 helicase unwound a GC 
rich DNA construct. This supports a sequential mechanism with a 1bp physical step 
size. 
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Chapter 5: 
Future Work 
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These structures are caused by cross-binding of guanine residues, in an alternative 
fashion to the usual hydrogen bonds between complementary strands. This cross 
binding is extremely tight, containing many more hydrogen bonds than standard base-
pairing and able to withstand forces of many tens of pico-Newtons (Lynch et al. 
2009). If these form on an unzipping template it will drastically alter the outcome of 
any unwinding experiments.  
 
This makes it difficult to create constructs with long repeats of G’s. As a general 
guideline sequences of the form d(G3+N1-7G3+N1-7G3+N1-7G3+) are susceptible to G-
quadruplex structure formation (Keniry 2000). 
 
PolyAT 
One variation in sequence which would be particularly interesting to try would be a 
poly(AT) construct. This would be similar to the poly(GC) construct but instead of 
long runs of guanine and cytosine, it would use the weaker adenine and thymine bases. 
This would be an interesting experiment as there are predictions that T7gp4 has a 
different unwinding rate on AT vs GC bases (Donmez & Smita S Patel 2008). It may 
also reveal information about the method of strand separation due to the weaker base 
pairing energy of the AT bases. 
 
A major challenge with this construct would be the extremely low unwinding force. A 
construct containing purely AT bases would mechanically unzip at less than 10pN and 
all experiments with helicase would thus need to be performed at forces even less than 
this. As shown by the simulations this causes a significant increase in noise, since the 
DNA stiffness is so low at these forces.  
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Loading mechanism 
Another area which is related to the helicase step-size measurement is the loading 
mechanism. T7gp4 is known to form rings before loading onto the ssDNA landing 
region (Edward H Egelman et al. 1995). This means that the ring must be transiently 
opened in order for it to encircle the DNA. If it is possible for the ring to open during 
loading, this may indicate that it is possible for the subunits to spontaneously separate 
during the translocation and unwinding process. It would be interesting to better 
understand both the mechanism of loading and what this mechanism reveals about the 
states of the ring during its normal function. 
 
One hint which could be pursued further is the enormous increase in helicase 
concentration required when the magnesium concentration or NTP concentration is 
varied. For example, at a magnesium concentration of 7mM, only 2nM of helicase 
monomer is required to get typical loading times of 80s, whereas with 50nM 
magnesium monomer concentrations of 200nM are required. This indicates that the 
magnesium concentration seems to affect the propensity of the ring to open. It would 
be interesting to better understand the connection between the unwinding behavior of 
the helicase under these conditions and the loading behavior. 
 
This could be probed by conducting a systematic study of helicase concentration 
required to initiate unwinding given a certain single stranded loading region as a 
function of buffer conditions.  However, it may be that the helicase can load but fails 
to translocate. This cannot be directly observed with the current experimental design 
since the motion of the helicase can only be observed indirectly through the fork 
position. 
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An alternative experimental design would be to attempt to observe the change in 
stiffness as a helicase binds to the single stranded region. Since the DNA binding arms 
in the channel will bind to the ssDNA as the helicase loads, this will slightly alter the 
stiffness of the DNA construct. By calculating the change in stiffness as a function of 
applied force one could estimate the number of helicase proteins bound to the DNA. 
 
This is a challenging experiment as the expected signal from the helicase binding will 
be very small. At best all six binding arms lock onto subsequent base on the backbone, 
and bring them into the same plane. This would remove 5nt of ssDNA from the 
extension. At a force of 15pN this would result in a change in length of around 2.5nm. 
However, this is likely to be a gross overestimate since it is unlikely that either all the 
binding arms link to the DNA, and also that they are brought to the same plane, given 
the structural evidence (Singleton et al. 2000; Enemark & Joshua-Tor 2006). 
 
Although this is a small signal there is also a major advantage when compared to the 
DNA unwinding experiment, since the measurement bandwidth can be dramatically 
decreased. If, for example, a helicase concentration is chosen so that there is one 
binding event every two minutes, the measurement bandwidth can be reduced to less 
than 0.01Hz. This means that a large amount of noise can be averaged out.  
 
These very low bandwidths are possible because of the high stability of the dual trap 
configuration. In a single trap experiment the low frequency stage drift would make 
this impossible to perform. 
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Eukaryotic helicases 
The ultimate goal of this work is to investigate and understand the physical 
mechanism of the more complex eukaryotic helicases. This helicase is called MCM2-7 
and forms a hexamer, similar to T7 helicase, but with non-identical subunits (Y. 
Adachi et al. 1997). This helicase is responsible for separating the dsDNA of the 
genome during cell replication in eukaryotes. 
 
As with many eukaryotic analogs to prokaryotic proteins, the MCM2-7 system is far 
more complicated in structure and function, and is significantly more challenging to 
assemble in vitro. It is only recently that labs have begun to isolate the proteins 
required and to understand the structure of the protein (Bochman & Schwacha 2009).  
 
There is no crystal structure of eukaryotic MCM. However, there have been some low 
resolution electron microscopy studies suggesting it forms a hexamer both for the 
protein in yeast (Y. Adachi et al. 1997) and humans (Bochman & Schwacha 2007), 
(Norikazu Yabuta et al. 2003) and (M Sato et al. 2000). Biochemical experiments also 
show that the stoichiometry of the subunits in yeast indicates a heterohexamer (Y. 
Adachi et al. 1997). 
 
Determining the mechanism of the MCM2-7 complex would be a very important 
discovery. There is likely to be a wide variety of functionality due to variations in the 
makeup of the ring and interactions with many accessory proteins (Bochman & 
Schwacha 2009). This will indubitably prompt an enormous amount of experimental 
studies once the protein becomes available for in vitro work. Applying the techniques 
we have used to study T7gp4 to MCM helicases would reveal many important 
parameters of these eukaryotic replicative helicases. 
 90 
Summary 
There are several follow up experiments which should be performed to verify the step-
size measurement. Varying the GC sequence is important to check for any sequence 
based steps, instead of those purely due to the protein mechanism, though care must be 
taken not to form G quadruplex structures. An AT sequence may also be used, 
although this is complicated by the low unzipping force. There are also several other 
extensions to this work for the future. One is to examine the loading mechanism of 
T7gp4 helicase by identifying changes in stiffness as the protein binds. This may be 
possible despite the small signal due to the stability of the dual trap allowing 
extremely low bandwidth measurements. In the very long term, the same techniques 
applied to T7gp4 may be applied to the eukaryotic MCM2-7 replicative helicase. 
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